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METHODS FOR MODULATION OF THE EFFECTS OF AGING ON THE 

PRIMATE BRAIN 

RELATED U.S. PATENT APPLICATIONS 

This is a continuation-in-part of, and claims the priority of, U.S. Patent 
5 Application, Serial No. 09/060,543, which was filed on 4/15/1998, and is pending. 

FIELD OF THE INVENTION 

The invention relates to methods for treatment of neurodegenerative disease and 
methods for delivery of neurotrophic factors into the mammalian brain. 

HISTORY OF THE RELATED ART 

10 Neurotrophic factors play a physiological role in the development and regulation of 

neurons in mammals. In adults, basal forebrain cholinergic neurons, motor neurons and 
sensory neurons of the CNS retain responsiveness to neurotrophic factors and can 
regenerate after loss or damage in their presence. For this reason, growth factors are 
considered to have great promise as drugs for the treatment of neurodegenerative 

15 conditions such as Alzheimer's Disease (AD), Parkinson's Disease (PD), amyotrophic 
lateral sclerosis (ALS), peripheral sensory neuropathies and spinal cord injuries. 

In contrast, degenerative changes in the brain due to the normal process of aging 
have not been well defined in primates. Although prior studies have reported age-related 
declines in some transmitter systems in the cortex (Emborg, M. E., et al, (1998) Journal of 

20 Comparative Neurology 401, 253-65; Fischer, W., et aL, (1992) Neurobiology of Aging 
13, 9-23; Luine, V., and Hearns, M. (1990) Brain Research 523, 321-4; Fischer, W., et 
al., (1989), Eur.J.Neurosci. 1, 34-45; Gallagher, ML, et al., (1990) Neurobiology of Aging 
11, 507-14; Siddiqi, Z., et al., (1999) Journal of Neuropathology and Experimental 
Neurology 58, 959-71; Siddiqi, Z. A., and Peters, A. (1999) Journal of Neuropathology 

25 and Experimental Neurology 58, 903-20; Wenk, et al, (1989) Neurobiology of Aging 10, 
11-9), structural alterations in neocortical systems have not been previously described. 
Thus, little attention has been paid to the possibility that exogenous growth factor delivery 
could modulate the process of normal aging in the primate brain. 
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SUMMARY OF THE INVENTION 

The invention provides a clinically useful protocol for delivery of recombinant 
nervous system growth factors into the aging mammalian brain. The invention is 
particularly useful in tempering and reversing the loss of neurological function in the aging 
5 mammalian brain, by (a) correlating loss of cortical fiber density to impairment of 

neurological function in the normal, aging brain; and (b) providing means by which such 
losses may be reversed. 

More specifically, the invention consists of methods for intraparenchymal delivery 
of a recombinant growth factor or other growth-promoting gene growth factor(generically, 
10 molecules which act on neuronal tissue to stimulate axonal growth) to the mammalian 

brain. Delivery of the growth factors to targeted cells is achieved by in vivo transduction of 
neurons targeted for treatment, by transfection of cells neighboring these target neurons 
(neurons or glia) with a recombinant expression vector for expression of the desired growth 
factor in situ, and/or by ex vivo grafting of transgene expressing host cells to targeted 
15 tissue. 

Growth factordelivered according to the invention exert a trophic effect at or near 
the delivery site (along chemotropic gradients stemming from the delivery site). Startlingly, 
such growth factors also exert non-chemotropic effects on distant axonal termini. Thus, 
the invention provides an opportunity to improve neuronal function over relatively 
20 expansive sectors of the brain while minimizing surgical invasion into brain tissue. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 : NGF-Secreting and Control Grafts Within the Intermediate Component of the 
Ch4 region. 

(A) p75-immunolabeled coronal section of the intermediate component of Ch4 
5 showing an NGF-secreting cell graft. The graft is penetrated by cholinergic axons. (B) 
Thionin-stained section taken adjacent to that in (A) identifies graft boundaries within the 
Ch4 region. (C,D) Comparable p75-immunolabeled and thionin-stained sections from a 
control aged monkey that received fi-gal expressing fibroblasts. Graft survival is 
comparable to that of NGF grafts, but fewer axons penetrated the grafts. Scale bar = 1 
10 mm. 

Figure 2 : Quantification of Cholinergic Innervation Densities. 

Cholinergic axon density was determined in multiple cortical regions. Quantified 
regions included inferior temporal cortex layers II (IT-II) and V (IT-V); Insular cortex 
layers II (INS-II) and V (INS-V); cingulate cortex layer II (CING); frontal cortex layer II 
15 (FR); and hippocampal formation, stratum radiatum of CA1 (HF). Axon densities were 
determined by superimposing a 6 X 6 grid over a highly magnified image captured from 
one of the defined regions (see inset). All AChE-stained fibers crossing the gridlines 
(arrows in inset) were counted to yield an index of innervation density. Scale bar = 5 mm. 
Bar in inset = 35 /xm. 

20 Figure 3 : Age-Related Decline in Mean Cortical Cholinergic Innervation is Reversed 
by NGF Gene Delivery to Cholinergic Somata in the Basal Forebrain. 

AChE staining in the insular cortex of young, aged-control, and aged-NGF-grafted 
rhesus monkeys. (A) The normal density of cholinergic axons is illustrated in young 
subjects. (B) Axon density is reduced in aged, control-grafted subjects. (C) AChE-stained 

25 fiber density is significantly increased in aged monkeys that received grafts of autologous 
NGF-secreting fibroblasts into the intermediate division of Ch4. Scale bar A - C = 35 
jum. (D) Quantification of cholinergic axon density. To compare cholinergic innervation 
densities across multiple cortical regions, normalized z-scores of density measurements 
from each cortical region were calculated and then averaged. A significant overall group 

30 effect was present by one way ANOVA (p < 0.0001). Aging was associated with a 
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significant reduction in overall cholinergic fiber density (* p < 0.0001, Post hoc 
Fischer's), and this was restored in recipients of NGF-secreting cells. Black bars, young 
monkeys; red bars, aged-controls; blue bars, aged-NGF-grafted subjects. Error bars 
represent standard errors of the mean. 
5 Figure 4 : Changes in Cholinergic Axon Density Across Cortical Regions. 

Control-aged monkeys (red bars) exhibit a significant decline in cortical cholinergic 
innervation compared to young intact animals (black bars) in most cortical regions. Aged 
recipients of NGF-secreting grafts (blue bars) exhibit a significant reversal of age-related 
loss in cholinergic innervation; however, this effect is significant only in cortical regions 
10 (insula and inferior temporal cortex) innervated primarily by cholinergic neurons of the 
intermediate division of Ch4, which was targeted for grafting. Numbers in parentheses 
below each cortical region indicate p value for ANOVA. 

LEGEND TO FIGURES 1-4: 
* - significantly reduced compared to young animals (p < 0.05, Post hoc Fischer's); 
15 # - significantly increased compared to aged control animals (p < 0.05, Post hoc 
Fischer's). INS: insular cortex; IT: inferior temporal cortex; CING: cingulate cortex; 
FR: frontal cortex; HF: hippocampal formation. 
Figure 5 : 

Reprint of the nucleotide sequence coding for human beta nerve growth factor as 
20 shown in GENBANK Accession No. X52599. 
Figure 6: 

Reprint of the nucleotide sequence coding for human NT-3 as shown in GENBANK 
Accession No. E07844. 
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DETAILED DESCRIPTION OF THE INVENTION 



I. 

5 PRIMATES SUFFER STRUCTURAL ALTERATIONS IN 

CHOLINERGIC INNERVATION OF THE BRAIN DURING AGING 
The invention provides proof, not previously established, that normal aging in the 
non-human primate brain is associated with a significant reduction in cholinergic 
innervation of the cortex, as evidenced by losses of cortical cholinergic axonal terminals. 
10 Cholinergic systems contribute only a small fraction to the total number of axons and 
synapses in the cortex, yet exert an important role in modulating neuronal excitability 
throughout the neocortex and hippocampus. Thus, alterations in this system can exert 
wide-ranging effects on various aspects of cognition, including attention and memory. 
For example, as described in greater detail in the Examples, aged monkeys who 
15 received grafts of beta-galactosidase expressing host cells did not differ significantly from 
aged non-operated animals in cholinergic innervation of the various cortical fields 
examined. Such animals were collectively utilized as controls ("aged controls"). 

Aged control monkeys exhibited a significant 24.8 ± 2.6% decline in AChE axon 
terminal density averaged across all cortical regions compared to non-aged subjects (p < 
20 0.0001, post-hoc Fischer's; Fig. 3C). These differences were consistent and significant 
across several individual cortical regions when analyzed independently (Fig. 4), including 
the insular cortex, cingulate cortex and frontal cortex regions. Strong trends toward 
similar age-related differences in cholinergic innervation were present in inferior temporal 
cortex and in the hippocampal formation (id.). 
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IL 

REVERSAL OF AGE-RELATED NEURONAL LOSS IN THE BRAIN 
A. Improved Cholinergic Innervation Extends from the Delivery Site 

5 Age-related changes in cortical cholinergic innervation in diverse cortical regions 

were substantially reversed by cellular gene delivery of NGF. For example, aged monkeys 
that received grafts of NGF-secreting cells exhibited a substantial and significant reversal 
of age-related declines in cortical cholinergic innervation (Figs. 3B and 3D). When 
averaged across all cortical regions examined, NGF-grafted animals had levels of 

10 cholinergic innervation that were significantly greater than values of aged control monkeys 
(p < 0.0001, post-hoc Fischer's) and were equal to intact young monkeys (p = 0.89, post- 
hoc Fischer's). 

Further, cortical regions (insular and inferior temporal cortices) receiving 
innervation primarily from the intermediate division of Ch4, the cholinergic subdivision 

15 targeted for grafting, demonstrated levels of cholinergic innervation significantly exceeding 
those of normal young monkeys (overall 13.4 ± 4.5% increase relative to young monkeys; 
p = 0.01, post-hoc Fischer's; Fig. 3A and 3D). Levels of cholinergic innervation in these 
regions also significantly exceeded control-aged monkeys (overall 43.6 ± 3.0% increase; p 
< 0.0001, post-hoc Fischer's). Cholinergic fiber densities in cortical regions (cingulate 

20 and frontal cortex, hippocampus) not heavily innervated by the targeted Ch4i cell 

population also exhibited reversal of age-related losses after NGF cell grafting, although 
the magnitude of the reversal (20.6 ±4.1% increase; p = 0.01, post-hoc Fischer's) was 
more modest than that observed in temporal and insular cortex. 

These effects of cellularly-delivered NGF on cortical cholinergic innervation were 

25 exerted at a distance, since the growth factor was presented to the cholinergic soma yet 
influenced terminal axon density in the distant cortex. Remarkably, reversal of age-related 
axonal attenuation in both the soma and the cortex was achieved after only three months of 
NGF delivery to the primate brain soma. Thus, practice of the invention significantly and 
efficiently ameliorates neuronal loss accompanying the normal aging process in the primate 

30 brain. 
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From a clinical perspective, a significant advantage provided by the invention is the 
ability to introduce exogenous growth factor to discrete regions of identified neuronal loss 
(to induce local chemotropic sprouting of axons into growth factor-secreting grafts, as 
shown in Fig. 4), while at the same time inducing a significant increase in the number or 
5 complexity of neuronal terminals via non-chemotropic influence by the growth factors in 
regions of the brain distant from the delivery sites. While not limiting of the scope of the 
invention, it can be surmised from these results that the mechanism through which growth 
factors influence axonal morphology at a distance may involve activation of diverse 
intracellular downstream signaling pathways, including PI-3 kinase and ras/erk, leading to 
10 increases in cellular transport of growth-related proteins. 

B. Growth Factor Delivery: Site Selection and Dosing 

To use both the local chemotropic and distant non-chemotropic effects of growth 
factors delivered according to the invention to advantage, specific delivery sites are 
preferably selected so as to cluster in an area of neuronal atrophy or loss, or likely 

15 neuronal atrophy or loss (such regions may include, but are not limited to, the cholinergic 
basal forebrain in normal aging, the entorhinal cortex in normal aging, and any cortical 
region in normal aging; the cholinergic basal forebrain or entorhinal cortex in patients 
with a significant history of Alzheimer's Disease, the substantia nigra in patients with 
Parkinson's disease, or motor neurons in patients with amyotrophic lateral sclerosis). . 

20 Once areas of neuronal loss (or likely neuronal loss) are identified, delivery sites are 
selected for stereotaxic distribution so each unit dosage of growth factor composition is 
delivered into the brain at the target site, or within diffusion reach of a chemotropic 
(concentration) gradient leading to the target site (generally, within 500 ^im of a targeted 
neuron). 

25 The terms "unit dosage" and "dosage" refer to concentration of growth factor or 

similarly-encoding transgene delivered via recombinant expression vector or donor cell in a 
pharmaceutically acceptable composition ("growth factor delivery composition"). One of 
ordinary skill in the art will be able to adjust dosage as appropriate to the patient and his or 
her condition. However, depending on whether the growth factor expressing transgene is 

30 introduced by an in vivo approach (via a viral or non- viral expression vector), or by an ex 
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vivo approach (via grafting of transgene expressing host cells to target tissue), the 
preferred dosing parameters vary. 

For ex vivo delivery, a unit dosage of growth factor delivery composition contains a 
concentration of donor cells of at least 1 x 10 5 cells/|ul. Each graft made at a delivery site 
5 is comprised of between 2 and 20 jal of a donor cell composition. 

For in vivo delivery, a unit dosage of growth factor delivery composition consists of 
2.5 to 10 fil of such composition, wherein the composition provides from 10 10 up to 10 12 
growth factor expressing viral particles per ml. 

Each unit dosage of growth factor delivery composition is preferably delivered to 
10 each grafting site in the target tissue through a surgical incision over a period of about 5-10 
minutes (depending on the total volume of cell suspension to be delivered). The rate of 
delivery of the cells may therefore vary from about 0.2 jjiI cell suspension/minute to about 
4 [il cell suspension/minute. 

III. 

15 MATERIALS FOR USE IN PRACTICING THE INVENTION 

Materials useful in the methods of the invention include donor cells, recombinant 
expression vectors, packaging cell lines, helper cell lines, synthetic in vivo gene therapy 
vectors, regulatable gene expression systems, encapsulation materials, pharmaceutically 
acceptable carriers and polynucleotides coding for growth factors of interest. 

20 A. Nervous system growth factors 

Known nervous system growth factors include nerve growth factor (NGF), brain- 
derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5), 
neurotrophin-6 (NT-6), ciliary neurotrophic factor (CNTF), glial cell line-derived 
neurotrophic factor (GDNF), the fibroblast growth factor family (FGF's 1-15 ), leukemia 

25 inhibitory factor (LIF), certain members of the insulin-like growth factor family (e.g., 
IGF-1), the neurturins, persephin, the bone morphogenic proteins (BMPs), the 
immunophilins, the transforming growth factor (TGF) family of growth factors, the 
neuregulins, epidermal growth factor (EGF), platelet-derived growth factor (PDGF), and 
others. NGF and NT-3 in particular have been tested with promising results in clinical 

30 trials and animal studies (see, e.g., Hefti and Weiner, Ann Neurol., 20:275-281 (1986); 
Tuszynki and Gage, Ann. Neurol., 30:625-636 (1991); Tuszynski, et al., Gene Therapy, 
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3:305-314 (1996) and Blesch and Tuszynski, Clin.Neurosci., 3:268-274 (1996)). Of the 
known nervous system growth factors, human NGF ,BDNF, NT-3 and GDNF are 
preferred for use in the invention for their relatively low immunogenicity as compared to 
allogenic growth factors. 
5 Coding polynucleotides for hNGF ,BDNF, NT-3 and GDNF are known, as are 

coding sequences for growth factors of other mammalian species (e.g., mouse, in which 
the coding sequence for NGF is highly homologous to the human coding sequence). For 
example, a cDNA including the coding sequence for hNGF is reported in GenBank at 
E03015 (Kazuo, et al., Japanese Patent Application No. JP1991 1175976- A, while the 

10 nucleotide sequence of genomic hNGF (with putative amino acid sequence) is reported in 
GenBank at HSBNGF (Ullrich, Nature, 303:821- 825 (1983)) and the mRNA sequence is 
reported in GenBank at HSBNGFAC (Borsani, et al., Nucleic Acids Res., 18:4020 
(1990)). The genomic nucleotide sequence of hNT3 is reported in GenBank at E07844 
(Asae, et al., JP Patent Application No. 1 9931 89770- A4). These references are 

15 incorporated herein to illustrate knowledge in the art concerning nucleotide and amino acid 
sequences for use in synthesis of growth factor. Exemplary reprints of nucleotide 
sequences coding for NGF and NT-3 obtained from the GENBANK nucleotide database 
are provided in, respectively, FIGS. 5 and 6. 

20 B. In Vivo Recombinant Expression Vectors 

1. Identity. 

The strategy for preparing genes for transfer into target cells in the brain includes 
the following basic steps: (1) selection of an appropriate growth factor expressing 
transgene; (2) selection and development of suitable and efficient vectors for gene transfer; 
25 (3) in vivo transduction of target cells, or grafting of donor cells to target tissue; (4) 

demonstration that transgene expression occurs stably and efficiently; (5) demonstration 
that the delivery procedure caused no serious deleterious effects; and (6) demonstration of a 
desired phenotypic effect in the host animal. 

For either in vivo or ex vivo delivery, because adult mammalian brain cells are non- 
30 dividing, the recombinant expression vector chosen must be able to transduce and be 

expressed in non-dividing cells. At present, vectors known to have this capability include 
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DNA viruses such as adenoviruses and certain RNA viruses such as HIV-based lentiviruses 
and feline immunodeficiency virus (FIV). Other vectors with this capability include herpes 
simplex virus (HSV). A HIV-based lentiviral vector has recently been developed which, 
like other retroviruses, can insert a transgene into the nucleus of host cells (enhancing the 
5 stability of expression) but, unlike other retroviruses, can make the insertion into the 
nucleus of non-dividing cells. This lentiviral vector has been shown to stably transduce 
brain cells after direct injection and stably express a foreign transgene without detectable 
pathogenesis from viral proteins (see, Naldini, et al., Science, 272:263-267 (1996), the 
disclosure of which is incorporated by reference). Following the teachings of the 

10 researchers who first constructed the HIV-1 retroviral vector, those of ordinary skill in the 
art will be able to construct lentiviral vectors suitable for use in the methods of the 
invention (for more general reference concerning retrovirus construction, see, e.g., 
Kriegler, Gene Transfer and Expression, A Laboratory Manual, W. Freeman Co. (NY 
1990) and Murray, EJ, ed., Methods in Molecular Biology, Vol. 7, Humana Press (NJ 

15 1991)). 

Adenoviruses and AAV have been shown to be quite safe for in vivo use and have 
been shown to result in long-term gene expression in vivo; they are therefore a preferred 
choices for use in the in vivo methods of the invention, where safety and long-term 
expression of growth factor encoding transgenes is necessary. Those of ordinary skill in 

20 the art are familiar with the techniques used to construct adenoviral and AAV vectors and 
can readily employ them to produce vector compositions useful in the claimed invention 
(for reference, see, e.g., Straus, The Adenovirus, Plenum Press (NY 1984), pp. 451- 496; 
Rosenfeld, et al., Science, 252:431-434 (1991); US Patent No. 5,707,618 [adenovirus 
vectors for use in gene therapy]; and US Patent No. 5,637,456 [method for determining the 

25 amount of functionally active adenovirus in a vector stock], the contents of each of which is 
incorporated herein to illustrate the level of skill in the art). 

Herpesviruses, alpha viruses and pox viruses are also well-characterized virus 
vectors which may be applied to the methods of the invention. Of these vectors, adeno- 
associated vectors are an especially attractive choice for their lack of pathogenicity and 

30 ability to insert a transgene into a host genome. 
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Non- viral delivery methods are also an option for use in the in vivo methods of the 
invention. In particular, the plasmid (in a "naked" or lipid-complexed form), lipoplexes 
(liposome complexed nucleic acids), amino acid polymer complexes with nucleic acids and 
artificial chromosomes are all non-viral gene delivery agents which are demonstrably able 
5 to transduce cells and deliver a foreign transgene. Synthetic in vivo gene therapy vectors 
are also an option for use in the methods of the invention. 

For ex vivo use, retroviral vectors (especially those of murine origin) offer an 
efficient, useful, and presently the best-characterized means of introducing and expressing 
foreign genes efficiently in mammalian cells. These vectors have very broad host and cell 
10 type ranges, integrate by reasonably well understood mechanisms into random sites in the 
host genome, express genes stably and efficiently, and under most conditions do not kill or 
obviously damage their host cells. 

2. Construction. 
Construction of vectors for recombinant expression of nervous system growth 
15 factors for use in the invention may be accomplished using conventional techniques which 
do not require detailed explanation to one of ordinary skill in the art. For review, 
however, those of ordinary skill may wish to consult Maniatis et al., in Molecular Cloning: 
A Laboratory Manual, Cold Spring Harbor Laboratory, (NY 1982). 

Briefly, construction of recombinant expression vectors employs standard ligation 
20 techniques. For analysis to confirm correct sequences in vectors constructed, the ligation 
mixtures may be used to transform a host cell and successful transformants selected by 
antibiotic resistance where appropriate. Vectors from the transformants are prepared, 
analyzed by restriction and/or sequenced by, for example, the method of Messing, et aL, 
(Nucleic Acids Res., 9:309, 1981), the method of Maxam, et aL, (Methods in 
25 Enzymology, 65:499, 1980), or other suitable methods which will be known to those 

skilled in the art. Size separation of cleaved fragments is performed using conventional gel 
electrophoresis as described, for example, by Maniatis, et al., (Molecular Cloning, pp. 
133-134, 1982). 

Expression of a gene is controlled at the transcription, translation or post-translation 
30 levels. Transcription initiation is an early and critical event in gene expression. This 
depends on the promoter and enhancer sequences and is influenced by specific cellular 
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factors that interact with these sequences. The transcriptional unit of many prokaryotic 
genes consists of the promoter and in some cases enhancer or regulator elements (Banerji et 
al., Cell 27:299 (1981); Corden et al., Science 209:1406 (1980); and Breathnach and 
Chambon, Ann. Rev. Biochem. 50:349 (1981)). For retroviruses, control elements 
5 involved in the replication of the retroviral genome reside in the long terminal repeat 
(LTR) (Weiss et al., eds., The molecular biology of tumor viruses: RNA tumor viruses, 
Cold Spring Harbor Laboratory, (NY 1982)). Moloney murine leukemia virus (MLV) and 
Rous sarcoma virus (RSV) LTRs contain promoter and enhancer sequences (Jolly et al., 
Nucleic Acids Res. 11:1855 (1983); Capecchi et al., In: Enhancer and eukaryotic gene 

10 expression, Gulzman and Shenk, eds., pp. 101-102, Cold Spring Harbor Laboratories (NY 
1991). Other potent promoters include those derived from cytomegalovirus (CMV) and 
other wild-type viral promoters. 

Promoter and enhancer regions of a number of non-viral promoters have also been 
described (Schmidt et al., Nature 314:285 (1985); Rossi and de Crombrugghe, Proc. Natl. 

15 Acad. Sci. USA 84:5590-5594 (1987)). Methods for maintaining and increasing 

expression of transgenes in quiescent cells include the use of promoters including collagen 
type I (1 and 2) (Prockop and Kivirikko, N. Eng. J. Med. 311:376 (1984); Smith and 
Niles, Biochem. 19:1820 (1980); de Wet et al., J. Biol. Chem., 258:14385 (1983)), SV40 
and LTR promoters. 

20 In addition to using viral and non- viral promoters to drive transgene expression, an 

enhancer sequence may be used to increase the level of transgene expression. Enhancers 
can increase the transcriptional activity not only of their native gene but also of some 
foreign genes (Armelor, Proc. Natl. Acad. Sci. USA 70:2702 (1973)). For example, in 
the present invention collagen enhancer sequences are used with the collagen promoter 2(1) 

25 to increase transgene expression. In addition, the enhancer element found in SV40 viruses 
may be used to increase transgene expression. This enhancer sequence consists of a 72 
base pair repeat as described by Grass et al., Proc. Natl. Acad. Sci. USA 78: 943 (1981); 
Benoist and Chambon, Nature 290:304 (1981), and Fromm and Berg, J. Mol. Appl. 
Genetics, 1:457 (1982), all of which are incorporated by reference herein. This repeat 

30 sequence can increase the transcription of many different viral and cellular genes when it is 
present in series with various promoters (Moreau et al., Nucleic Acids Res. 9:6047 (1981). 
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Transgene expression may also be increased for long term stable expression using 
cytokines to modulate promoter activity. Several cytokines have been reported to modulate 
the expression of transgene from collagen 2(1) and LTR promoters (Chua et al., connective 
Tissue Res., 25:161-170 (1990); Elias et al., Annals N.Y. Acad. ScL, 580:233-244 
5 (1990)); Seliger et al., J. Immunol. 141:2138-2144 (1988) and Seliger et al., J. Virology 
62:619-621 (1988)). For example, transforming growth factor (TGF), interleukin (IL)-l, 
and interferon (INF) down regulate the expression of transgenes driven by various 
promoters such as LTR. Tumor necrosis factor (TNF) and TGF1 up regulate, and may be 
used to control, expression of transgenes driven by a promoter. Other cytokines that may 
10 prove useful include basic fibroblast growth factor (bFGF) and epidermal growth factor 
(EGF). 

Collagen promoter with the collagen enhancer sequence (Coll(E)) can also be used 
to increase transgene expression by suppressing further any immune response to the vector 
which may be generated in a treated brain notwithstanding its immune-protected status. In 

15 addition, anti-inflammatory agents including steroids, for example dexamethasone, may be 
administered to the treated host immediately after vector composition delivery and 
continued, preferably, until any cytokine-mediated inflammatory response subsides. An 
immunosuppression agent such as cyclosporin may also be administered to reduce the 
production of interferons, which downregulates LTR promoter and Coll(E) promoter- 

20 enhancer, and reduces transgene expression. 

It is also useful to be able to regulate the secretion of the genetically engineered 
gene product after grafting. The release of a gene product such as acetylcholine (ACh), a 
transmitter that is greatly decreased through degeneration of cholinergic neuron 
populations, from cultured cells infected with a MLV vector expressing the choline 

25 acetyltransferase cDNA can be augmented using choline, a precursor for acetylcholine. 
This suggests a means for dietary regulation of intracerebral gene therapy. 
C. Pharmaceutical preparations of gene vectors 

Growth factor delivery compositions may consist of expression vectors or donor 
cells placed into a pharmaceutical^ acceptable suspension, solution or emulsion. Suitable 
30 mediums include saline and may, for those embodiments which do not rely on antigen 
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presenting cells for delivery of the growth factor transgenes into target tissue, liposomal 
preparations. 

More specifically, pharmaceutically acceptable carriers may include sterile aqueous 
of non-aqueous solutions, suspensions, and emulsions. Examples of non-aqueous solvents 
5 are propylene glycol, polyethylene glycol, vegetable oils such as olive oil, and injectable 
organic esters such as ethyl oleate. Aqueous carriers include water, alcoholic/aqueous 
solutions, emulsions or suspensions, including saline and buffered media. Parenteral 
vehicles include sodium chloride solution, Ringer's dextrose, dextrose and sodium 
chloride, lactated Ringer's or fixed oils. Intravenous vehicles include fluid and nutrient 

10 replenishers, electrolyte replenishes (such as those based on Ringer's dextrose), and the 
like. Preservatives and other additives may also be present such as, for example, 
antimicrobials, antioxidants, chelating agents, and inert gases and the like. Further, a 
composition of growth factor transgenes may be lyophilized using means well known in the 
art, for subsequent reconstitution and use according to the invention. 

15 A colloidal dispersion system may also be used for targeted gene delivery. 

Colloidal dispersion systems include macromolecule complexes, nanocapsules, 
microspheres, beads, and lipid-based systems including oil-in-water emulsions, micelles, 
mixed micelles, and liposomes. The preferred colloidal system of this invention is a 
liposome. 

20 IV. 

METHODS FOR DELIVERY OF TRANSGENE DELIVERY COMPOSITION 
The most effective mode and timing of injection of the growth factor delivery 
compositions of the invention will vary with the patient's health, response to treatment, and 
the judgment of the treating health professional. 

25 Direct delivery of the growth factor delivery compositions of the invention may be 

achieved by means familiar to those of skill in the art, including microinjection (see, e.g., 
Capecchi, Cell, 22:479- 488 (1980); electropotation (see, e.g., Andreason and Evans, 
Biotechniques, 6:650-660 (1988); infusion, chemical complexation with a targeting 
molecule or co-precipitant (e.g., liposome, calcium), and microparticle bombardment 

30 (Tang, et al. , Nature, 356: 152-154 (1992)). 
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V. 

ANIMAL MODELS AND CLINICAL EVALUATION 
Data demonstrating the use and efficacy of the methods of the invention in an aged, 
non-human primate model (used to best approximate the size requirements of the primate 
5 brain) are provided in the Examples. 

Clinical evaluation and monitoring of treatment can be performed using the in vivo 
imaging techniques described above as well as through biopsy and histological analysis of 
treated tissue. In the latter respect, basal forebrain cholinergic neuronal numbers can be 
quantified in a tissue sample using, for example, anti-growth factor antibody (for 
10 immunoassay of secreted growth factor) or NGF-receptor (p75) and choline 

acetyltransferase (ChAT) for labeling of neurons. A sample protocol for in vitro 
histological analysis of treated and control tissue samples is described in the Examples. 

The invention having been fully described, examples illustrating its practice are set 
forth below. These examples should not, however, be considered to limit the scope of the 
15 invention, which is defined by the appended claims. Those of ordinary skill in the art will 
appreciate that while the Examples illustrate an ex vivo application of the invention, the 
results achieved will be accessible through in vivo delivery of the nervous system growth 
factor encoding transgenes described, as taught herein, with in vivo gene delivery sites and 
direct delivery means substituted for the grafting sites and grafting methods discussed in 
20 the Examples. 

In the examples, the abbreviation "min." refers to minutes, "hrs" and "h" refer to 
hours, and measurement units (such as "ml") are referred to by standard abbreviations. 
All printed materials cited are incorporated herein by reference. 

EXAMPLE I 

25 PRIMATE ANIMAL MODEL OF LOSS OF CHOLINERGIC NEURONAL FUNCTION 
Twelve aged and four adult non-aged Macaca mulatta (rhesus) monkeys were 
experimental subjects. Non-aged animals (n = 4, mean age = 9.64 ± 1.90 yrs) did not 
undergo surgical procedures and their intact brains were studied. Aged monkeys were 
divided into two experimental groups: NGF recipients (n = 6, mean age = 22.55 ± 0.56 

30 yrs) and control subjects (n = 6, mean age = 23.51 ± 1.07 yrs). All procedures and 
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animal care adhered strictly to NIH, AAALAC, USD A, Society for Neuroscience, and 
internal institutional guidelines for experimental animal health, safety and comfort. 

EXAMPLE II 

PREPARATION OF h-NGF SECRETING FIBROBLASTS 
5 For NGF delivery to aged subjects, monkeys received intraparenchymal grafts of 

autologous fibroblasts genetically modified to produce and secrete human NGF, as 
previously described. Briefly, autologous fibroblasts obtained from skin biopsies were 
genetically modified in vitro to produce and secrete the active portion of human NGF. 
Transduction procedures were carried out using replication-incompetent retroviral vectors 

10 derived from Moloney murine leukemia virus (MLV). Transduced cells were selected by 
growth in the neomycin analog G418. Production of biologically active NGF was verified 
by induction of neurite outgrowth from PC12 cells as described; production of NGF 
mRNA was determined by Northern blot; and amounts of NGF produced from cells were 
assayed by NGF ELISA specific for human NGF and sensitive to 5 pg/ml. Optimal NGF- 

15 producing bulk clones were amplified to numbers sufficient for in vivo grafting by serial 
passaging. Cells were harvested by gentle trypsinization for in vivo grafting. 

EXAMPLE III 

INTRAPARENCHYMAL DELIVERY OF FIBROBLASTS 
GENETICALLY MODIFIED TO PRODUCE h-NGF 

20 Monkeys underwent pre-operative MRI scans (see, Tuszynski, et al., Gene 

Therapy, 3:305-314, 1996) to visualize basal forebrain target grafting regions (see, 
Mesulam et al., J. Comp. Neurol., 214:170-197, 1983). After generating stereotaxic 
grafting coordinates from MRI scans, each monkey received intraparenchymal grafts of 
autologous NGF-secreting fibroblasts. 

25 Stereotactic coordinates for surgery were generated from magnetic resonance 

images (MR) of the brain of each subject. The rostral and caudal boundaries of Ch4 were 
identified on each subject's MR scan, making reference to primate histological brain 
sections and to standard primate brain atlases. The total rostral-caudal distance of Ch4 was 
measured on the MR scan, and five graft injection sites were chosen that were equally 

30 distributed over this rostral-caudal distance. 
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The sites for desired ventral-dorsal (VD) and medial-lateral (ML) injections were 
chosen such that cell grafts were deposited just dorsal to the desired target at each 
coordinate (within 500 um), and exactly centered in the mediolateral (ML) plane at the 
maximal density of cholinergic neuronal somata (estimated by review of histological 
5 sections at the corresponding AP level). Thus, five grafts were deposited on each side of 
the Ch4 region per subject, or ten total grafts per subject. Real-time coordinates for in 
vivo injections were calculated from calibration scales on the MR image. Subjects 
underwent surgical grafting in the same stereotaxic apparatus that MR scans were 
performed in. 

10 To place the grafts, animals were placed into a primate stereotaxic apparatus and a 

midline scalp incision was used to expose the skull. The AP and ML stereotaxic 
coordinates for the BFC system were used to define the margins of the craniotomy site. 
Following craniotomy, a ML zero reference point was obtained by measuring the midpoint 
of the superior sagittal sinus. The dura was incised and reflected to expose the pial 

15 surface. The pial surface at each injection site was used as a VD zero reference point for 
that injection site. 

Using the zero reference points obtained in the AP, ML, and VD planes and the 
stereotaxic injection coordinates calculated from that animal's MR scan, 5 ul of cells were 
injected into each of 5 sites over the rostral-caudal extent of the Ch4 targeted region 

20 bilaterally (10 grafts total per animal) using 25-gauge Hamilton syringe. Grafts were 
generally targeted to a position slightly dorsal to but within 500 um of Ch4 nuclei. The 
injection rate was controlled at 5 ul/min. Cells were injected at a concentration of 1.0x105 
cells/ul (for a total of 10 million grafted cells per animal), a concentration that optimally 
maintains cells in suspension without clumping but sufficiently concentrated to maximize 

25 number of surviving cells in vivo. Monkeys survived for three months before sacrifice. 

Some control aged subjects received intraparenchymal grafts as noted above. These 
grafted cells consisted either of autologous fibroblasts transduced to express the reporter 
gene beta-galactosidase (n = 6 monkeys). Beta-gal production was assessed in vitro using 
a specific anti-beta-gal antibody. Cells were grafted into intraparenchymal sites in numbers 

30 identical to those described above for NGF graft recipients. 
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For all surgical procedures, primates were preanesthetized with 25 mg/kg ketamine 
IM. They were then anesthetized with isoflurane administered by endotracheal intubation. 
Post-operatively animals were closely monitored, and received supportive care and 
appropriate analgesics when indicated. Animals were placed in the same primate 
5 stereotaxic apparatus (Crist Instruments) that was used to perform MRI scans. A midline 
scalp incision exposed the skull. A 2.5 x 5 cm sagittally oriented craniotomy was 
performed on each side of the hemicranium, and the dura was incised and reflected to 
expose sites for stereotaxically guided cell injections. Ten ul of cells were injected into 
each site through a 25 ga. Hamilton syringe at a rate of 1 ul/minute. Postoperatively, all 
10 experimental subjects were observed closely for signs of discomfort or toxicity. After a 
three-month survival period, animals were perfused transcardially for one hour with a 4% 
solution of paraformaldehyde in 0.1 M phosphate buffer followed by 5% sucrose solution in 
the same buffer for 20 minutes. The brain was stereotaxically blocked in the coronal 
plane. 

15 EXAMPLE IV 

QUANTIFICATION OF CHOLINERGIC INNERVATION DENSITY 
An intersect analysis was used to obtain a quantitative estimate of cholinergic axon 
density in several different cortical regions described below, using standardized methods 
developed by Geula and Mesulam (Geula, C, and Mesulam, M. M. (1996), Cerebral 
20 Cortex 6, 165-77). 

Briefly, very high resolution digital images of AChE-stained, 40 um-thick sections 
were captured from an Olympus AX-70 microscope at 360X magnification (600X for 
hippocampus) with high numerical aperture optics using a digital Spot camera (Diagnostics 
Instruments Inc., Sterling Heights, MI) with a computer interface. Images were displayed 
25 on a high-resolution Sony monitor, and a 6 x 6 grid (175jLtm x 175/un for 360X) was 
superimposed on each quantification frame using Adobe Photoshop (see Fig. 2), 

The number of AChE-stained axons intersecting all gridlines in the field were 
quantified and summed in each image. Two fields per animal were quantified in this 
manner from each of the following cortical regions (nomenclature of Paxinos et al. 
30 (Paxinos, G., Huang, X.-F., and Toga, A. W. (2000). The Rhesus Monkey Brain in 
Stereotaxic Coordinates (San Diego: Academic Press): inferior temporal cortex layers II 
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(IT-II) and V (IT-V), insular cortex layers II (INS-II) and V (INS-V), cingulate cortex 
layer II (CING), frontal cortex layer II (FR), and hippocampal formation (HF; stratum 
radiatum of CA1). Fields were sampled bilaterally from every animal in each region. This 
method of analysis was chosen because it is capable of quantifying cholinergic fiber 
5 numbers, independent of the intensity of the AChE staining intensity (Geula and Mesulam, 
supra, 1996). Multiple group comparisons were made by analysis of variance (ANOVA) 
with post-hoc analysis using Fisher 's least square difference. Biological significance was 
established at the 95% confidence level. Data are presented as mean +. standard error of 
the mean. 

10 Aged fl-gal-grafted animals did not differ significantly from aged non-operated 

animals in cholinergic innervation of the various cortical fields examined in this study and 
were therefore combined into a single group ("aged controls"). When averaged across all 
cortical regions, overall group differences in cholinergic axon innervation density were 
present (p < 0.0001, ANOVA; Fig. 3). Aged control monkeys exhibited a significant 

15 24.8 ±_ 2.6% decline in AChE axon terminal density averaged across all cortical regions 
compared to non-aged subjects (p < 0.0001, post-hoc Fischer's; Fig. 3). These 
differences were consistent and significant across several individual cortical regions when 
analyzed independently (Fig. 4), including insular cortex, cingulate cortex and frontal 
cortex. Strong trends toward similar age-related differences in cholinergic innervation 

20 were present in inferior temporal cortex and in the hippocampal formation (Fig. 4). 

EXAMPLE V 

CELLULAR NGF DELIVERY REVERSES AGE-RELATED REDUCTIONS IN 

CHOLINERGIC INNERVATION 

25 

Aged monkeys that received grafts of NGF-secreting cells exhibited a substantial 
and significant reversal of age-related declines in cortical cholinergic innervation (Figs. 
3,4). When averaged across all cortical regions examined in this study, NGF-grafted 
animals had levels of cholinergic innervation that were significantly greater than values of 
30 aged control monkeys (p < 0.0001, post-hoc Fischer's; Fig. 3D) and were equal to intact 
young monkeys (p = 0.89, post-hoc Fischer's). Further, cortical regions (insular and 
inferior temporal cortices) receiving innervation primarily from the intermediate division of 
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Ch4, the cholinergic subdivision targeted for grafting, demonstrated levels of cholinergic 
innervation significantly exceeding those of normal young monkeys (overall 13.4 ± 4.5% 
increase relative to young monkeys; p = 0.01, post-hoc Fischer's; Fig. 4). 

Levels of cholinergic innervation in these regions also significantly exceeded 
5 control-aged monkeys (overall 43.6 + 3.0% increase; p < 0.0001, post-hoc Fischer's). 
Cholinergic fiber densities in cortical regions (cingulate and frontal cortex, hippocampus) 
not heavily innervated by the targeted Ch4i cell population also exhibited reversal of age- 
related losses after NGF cell grafting, although the magnitude of the reversal (20.6 + 
4.1% increase; p = 0.01, post-hoc Fischer's) was more modest than that observed in 

10 temporal and insular cortex. These effects of cellularly-delivered NGF on cortical 
cholinergic innervation were exerted at-a-distance, since the growth factor was presented to 
the cholinergic soma yet influenced terminal axon density in the distant cortex. 

To determine whether NGF delivery simply increased AChE expression in neurons, 
thereby enhancing the intensity of the AChE stain without actually altering the density of 

15 axons, an additional analysis was performed. Sections from young intact, NGF-grafted, 
and fl-gal grafted monkeys were blindly rated by two independent observers for intensity 
(darkness) of the AChE stain, examining those regions specifically used in the quantitative 
analysis. Using a rank scale of 0-5 (0 = lightly stained, 5 = very darkly stained), the 
mean overall intensity/darkness of the AChE staining did not differ significantly between 

20 groups of animals (p = 0.3, ANOVA) nor between the blinded observers. Thus, findings 
of this study are not a result of enhanced AChE staining in the NGF grafted group, and 
represent actual differences in the number of axonal processes. 

In short, cellular delivery of growth factor according to the invention ameliorates 
cholinergic neuronal atrophy and loss in the normal aging brain. Further, this result is 

25 achieved without the adverse effects of infused growth factor therapy that have been 
previously observed, such as weight loss, Schwann cell migration/proliferation, and 
sprouting of sensory or sympathetic axons (either in the immediate treatment area or in 
other regions of the brain). Advantageously, growth factor production from cell grafts 
placed as described persisted for at least eight months in vivo in the primate brain, as 

30 determined by fresh dissection of grafts and determination of growth factor protein levels 
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by ELISA (25 ng/mg tissue). Indeed, transgene expression from these cells can persist for 
as long as 18 months (based on results achieved in the rodent central nervous system). 

EXAMPLE VI 

HISTOLOGY CONFIRMING IN VIVO UPTAKE OF DONOR CELLS 
5 EXPRESSION OF NGF AND LACK OF BETA-AMYLOID INDUCTION 

Sections of brain tissue after humane sacrifice of the test animals were cut at 40 urn 
intervals on a freezing microtome. Every sixth section was processed for Nissl stain or 
hematoxylin and eosin. Immunocytochemical labeling against -amyloid was performed 
using an amyloid-specific monoclonal antibody (anti-A4). Sections lacking primary 
10 antibody were processed to verify specificity of labeling. A representative section per 
subject was quantified from each of the following regions: temporal, frontal, cingulate, 
insular, parietal and occipital cortices; amygdala and hippocampus; and the intermediate 
division of the Ch4 region (Nucleus Basalis of Meynert). Sampled sections from each 
subject were closely matched in region and size. The total number of amyloid plaques per 
15 region was quantified and recorded. Observers were blinded to the identity of the tissue 
being quantified. 

All grafted subjects showed surviving cell grafts within 500 um of each grafting 
site. There was no qualitative difference in fibroblast morphology and overall graft size 
between NGF- and control-graft recipients. Grafts were most frequently located adjacent 
20 to the intermediate division of the Ch4 region of the basal forebrain, but in all cases 
included at least one graft located within the anterior and posterior divisions of the Ch4 
region. 

No amyloid plaques at all were detected in adult, non-aged primate tissue. In 
contrast, control aged monkeys showed a significant increase in amyloid immunolabeling in 
25 the frontal, temporal insular and cingulate cortices and amygdala, and extremely small 
increases in the parietal cortex and hippocampus relative to non-aged monkeys. No 
plaques at all were present in the cholinergic basal forebrain in any group. 

In aged control animals, plaques typically showed a dense central core and a less 
dense surrounding halo of immunreactive deposition product, an appearance typical of 
30 "mature" plaques observed in AD. This immunolabeling pattern is consistent with 
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previous reports in aged primate brain. However, no increase in amyloid labeling was 
observed in the aged, NGF-grafted brains, indicating that three months of 
intraparenchymal NGF delivery does not increase beta-amyloid plaque deposition in the 
aged primate brain. Thus, the benefits of NGF grafting in the brains of primates exhibiting 
5 AD symptoms can be achieved without risk of stimulating amyloid deposition in response 
to the graft trauma. 

Initially, group differences were statistically determined by analysis of variance, 
with post-hoc analysis utilizing Fisher's least square difference. However, since non-aged 
adult monkeys showed no amyloid plaques, comparisons between NGF-treated and control 
10 aged monkeys were made using unpaired two-way student's t-test. 
The invention claimed is: 
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